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Abstract 
Output power is a vital criterion in evaluating the heat-electricity conversion 
capability of thermoelectric power generators (TEGs). This study firstly proposes a 
novel (Bi,Sb)2Te3-based multilayer composite structured thermoelectric module 
(MCTEM) that can achieve high power output. Parallel heat transfer and electrical 
parallel connection are simultaneously achieved in an n-type single-leg MCTEM which 
composed of several alternately stacked thermoelectric slices and inner electrodes. The 
extremely low inner resistance (Rin) and high current (I) are 0.03 and 12.7 times of those 
measured in single-leg traditional modules, respectively, then a maximum output power 
(Pmax) of 5.8 mW is achieved at ΔT=35°C. The effect of the number of slices on module 
performance has been investigated, and the optimal Pmax for n- and p-type single-leg 
MCTEMs have been achieved when using 3 slices. Based on the optimized single-leg 
MCTEMs above mentioned, a π-type MCTEM has been designed to improve the output 
voltage (V) and further enhance Pmax. The π-type MCTEM achieves a high V of 3.1 mV 
while keeping a low Rin of 0.94 mΩ and large I of 3.3 A at ΔT=35°C, and a Pmax of 10.5 
W which is 4.2 times of traditional module. This new design of MCTEM provides 
enlightenment for the fabrication and commercialization through the development of 
high-power TEGs. 
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1. Introduction 
Enormously large amount of low-quality waste heat produced by human activities 
cannot be effectively utilized, leading to huge energy waste 1. Such as the spent fuel 
pool of nuclear power plants which can be regarded as a large low-quality waste heat 
source because the temperature of cooling water is always below 60 oC. If this huge 
waste heat can be transferred to useful electric power, the self-powered cooling system 
will be formed to keep the safe temperature of spent fuel and prevent accidents when 
outside power is off, thereby achieving good social and economic benefits. 
Thermoelectric power generator (TEG), which can achieve the transformation between 
heat and electricity is a desired technology to recover huge low-quality heat 2, 3. So 
many efforts have been done to study TEGs and researchers expect that more electric 
power can be produced through their optimization. 
The π-type traditional thermoelectric module (TTEM), the key part of TEGs, 
commonly consists of n- and p-type thermoelectric legs with cuboid or cylindrical 
shape. These legs are electrically connected in series and thermally in parallel 4, 5. This 
TTEM easily conducts heat unidirectionally and produces large temperature difference 
in z-axis, which allows achieving high module performance 6-8. However, the real 
applications of TEGs are limited due to their relatively low output power. Thus, 
structural design, geometric structural modifications and other optimization methods 
have been focused to optimize power output 9. For example, Fan et al. established an 
annular thermoelectric device. This type of annular structure is applicable for non-flat 
heat sources, can achieve efficient heat transfer and obtain high output power 10. Liu et 
al. investigated the effect of asymmetrical legs on the performance of a PbTe-based 
thermoelectric generator. The results showed the variable cross-section structure could 
enhance the temperature gradient inside the legs, significantly increasing the electric 
potential and output power. When the leg length ratio and cross-sectional area ratio are, 
respectively, 1.31 and 5.67, the output power can be increased by 4.21% as compared 
with the classical design 11. Considering these series of thermoelectric systems, the 
damage of one thermoelectric leg will lead to the failure of the thermoelectric system. 
To ensure a sufficient output power and improve the reliability, Suda Hiroshi et al. 
designed a thermoelectric conversion module where the thermoelectric legs are 
electrically connected in parallel. This structure of electric parallel connection can 
achieve a low inner resistance and high current, and then obtain a sufficient output 
power under ideal conditions. However, this thermoelectric system depends on a 
complex assembly circuit which has low integration and serious thermal radiation losses 
between different legs12. Thus, new designs are urgently needed for further improving 
of power output to meet the requirements of electrical devices. 
Thermoelectric material is another key factor in terms of the performance of 
thermoelectric devices. For the low-temperature heat resources, the temperature range is 
always below 200 oC. Bi2Te3 and Sb2Te3-based alloys are traditional low-temperature 
thermoelectric materials, which possess superior thermoelectric properties in this 
temperature range 13, 14. Among these (Bi,Sb)2Te3-based materials, the n-type 
Bi2Te2.79Se0.21
15 and p-type Bi0.5Sb1.5Te3
16 alloys, as the most typical material 
compositions, have achieved the maximum figure of merit (ZT) of 1.2 at 84 oC and 1.4 
at 100 oC, respectively. Considering these (Bi,Sb)2Te3-based thermoelectric materials, 
the above-mentioned geometric optimization methods, and a highly integrated parallel 
structure in form of a layered composite structure 17, 18, a novel multilayer composite 
thermoelectric module (MCTEM) has been designed. Parallel heat transfer and 
electrical connection are simultaneously achieved in the MCTEM. Then, low inner 
resistance (Rin), large current (I), and super output power (P), are obtained. Moreover, 
through optimizing the number of slices, and applying a π-type connection, π-type 
MCTEMs have been constructed using n-type Bi2Te2.79Se0.21 or p-type Bi0.5Sb1.5Te3 
single-leg MCTEMs, composed by 3 slices have been designed. The π-type MCTEM 
can shows low Rin (0.94 mΩ), high output voltage (3.1 mV), and large I (3.3 A) with ΔT 
of 35 °C. Then, the maximum obtained output power (10.5 W) is 3.2 times higher than 
the measured in π-type TTEM, showing that the multilayer composite thermoelectric 
module can achieve extremely high output power. 
 
2. Simulation approach 
2.1 Numerical model 
The schematic diagrams of an n-type Bi2Te2.79Se0.21 single-leg MCTEM and 
TTEM are illustrated as examples in Figure 1. Both modules have the same 
dimensions, the lengths in x, y and z directions are, respectively, 2.5 mm, 2 mm and 5.6 
mm, lx×ly×lz=2.5×2×5.6 mm
3. These two modules are composed of two Al2O3 ceramic 
substrates, two external Ag electrodes and an n-type Bi2Te2.79Se0.21 thermoelectric 
element. The dimensions of Al2O3 ceramic substrates and external electrodes for the 
two modules are 2.5×2×0.2 mm3 and 2.5×2×0.1 mm3, respectively. The design of n-
type Bi2Te2.79Se0.21 thermoelectric elements is the major difference between the 
MCTEM and TTEM, as shown in Figure 1. The thermoelectric element of the TTEM is 
a cuboid with the size of 2.5×2×5 mm3. As the novel single-leg MCTEM shown in 
Figure 1(a), the thermoelectric element is designed as a layered composite structure 
consisting of alternating layers of inner electrodes and thermoelectric materials along 
the x-axis. In here, the total sizes including thermoelectric slices and inner electrodes 
are the same as the thermoelectric leg in TTEM, which was fixed at 2.5×2×5 mm3. The 
dimension of inner electrodes is 0.1×2×4.9 mm3, and the number is one more than that 
of thermoelectric slices. Each inner electrode has a 0.1 mm space in z direction to reach 
the external electrode. These spaces are connected alternatively to the upper or lower 
part of the module. In this case, the first, third and fifth inner electrodes (cold-side inner 
electrodes) are connected with the upper external electrode, the second and fourth inner 
electrodes (hot-side inner electrodes) are connected to the lower external electrode, as 
presented in Figure 1(a). Based on the MCTEM with invariable volume, the 
dimensions for one thermoelectric slice are depending on the number (N), as (2.4/N-
0.1)×2×5 mm3. For example, the number of n-type thermoelectric material slices (Nn) is 
4 in the schematic, and the size of one slice is 0.5×2×5 mm3. In order to try to determine 
the performance of such module, the reported experimental temperature-dependent 
thermoelectric properties of n-type Bi2Te2.79Se0.21 have been used in the simulation 
process, and are presented in Figure S1. The physical properties of Al2O3 and Ag are 
given in Table S1.  
2.2 Finite-element simulation 
The relationship between thermoelectric module design and physical properties is 
focused. Some boundary conditions and reasonable assumptions are adopted. Firstly, 
the thermoelectric module is considered to be in steady state. Secondly, the 
thermoelectric module is regarded as an adiabatic system where the heat radiation and 
convection on all surfaces are ignored. Thirdly, the temperature of the cold side (Tc) is 
fixed at room temperature (25 °C). The temperature of the hot side (Th) changes from 35 
°C to 60 °C, because the temperature of most low-quality waste heat is relatively low, 
only a little bit higher than room temperature. Fourthly, electrical and thermal contacts 
are considered as ideal in this theoretical design. Fifthly, the upper external electrode is 
connected to the ground, and the lower external electrode is set to the terminal. 
Based on these boundary conditions and assumptions, the thermal and electrical 
behaviors can be described by the following governing equations. 
•q = •(–κ(T) T+Pc(T)J) = J
2/σ(T)                                    (1) 
•J = •(-σ(T) ( V+ S(T) T)) = 0                                      (2) 
where, q is the heat flux vector, and J is the current density vector. S(T), σ(T), κ(T) and 
Pc(T) are the temperature-dependent Seebeck coefficient, electrical conductivity, 
thermal conductivity and Peltier coefficient calculated by S(T)T, respectively. T and 
V are the temperature and electric potential gradients. 
As following, the electromotive force (E), Rin, V, I and P can be obtained. For the 
single-leg MCTEM, the E equals the electric potential generated by a single 
thermoelectric slice due to the electrical parallel connection. 
E  =  ∫ S ( T ) d T                                            ( 3 ) 
The Rin is strongly depended on the N, which will be confirmed as follows, 
R i n  = ( (R s +R i ) (R s +3R i /2 ) / (NR s +(3N /2-1)R i ) )+2R e                    (4) 
Here, the Rs, Ri and Re refer to the resistance of a thermoelectric slice, an inner electrode 
and an external electrode, respectively. In here, the temperature-dependence of Ag 
resistance is not considered. Once the thermoelectric module is connected with an 
external load resistance (RL) to form a loop, V and I can be obtained as follows. 
V  =  E R L / ( R i n + R L )                                            ( 5 ) 
I  =  E / ( R i n + R L )                                            ( 6 ) 
Finally, the output power is calculated using the calculated V and I. 
P  =  E 2 R L / ( R i n + R L )
2                                             ( 7 ) 




3. Results and discussions 
3.1 The performance of an n-type single-leg MCTEM 
Figure 2(a) shows the temperature distribution in a n-type single-leg MCTEM 
under the open-circuit condition at ΔT = 35 °C (Tc = 25 °C, Th = 60 °C). The 
temperature is changed in the x- and z-axis, and remains constant in the y-axis. Along 
the x-axis, the temperature changes alternately between low-temperature and high-
temperature zones. In the z direction, the temperature decreases with increasing module 
height. In detail, Figure 2(b) depicts the temperature distribution at xy cross-section 
when the lz is 2.8 mm. Because of the high thermal conductivity of Ag, the hot-side 
inner electrodes have higher temperature (Te-h) and cold-side inner electrodes have 
lower temperature (Te-c), when compared to the adjacent thermoelectric slices. In other 
words, the adjacent hot-side and cold-side inner electrodes can be regarded as the hot 
and cold ends, respectively, for one thermoelectric slice. Thus, there is a horizontal 
temperature difference in the two sides of each thermoelectric material slice. The power 
is directly generated by this temperature difference across the thermoelectric material. 
So, this temperature difference is noted as an effective temperature difference (ΔTe) in a 
single-leg MCTEM. The ΔTe for each thermoelectric slice is slightly different, as shown 
in xy cross-section temperature distribution graph. For example, the Te-c for the second 
and third thermoelectric slices shows the same profile, and it will be strongly affected 
by two adjacent hot-side inner electrodes. So the Te-c for the second and third 
thermoelectric slices is slightly higher than those of first and fourth thermoelectric 
slices, and then their ΔTe is about 2.8 
oC lower when ΔT is 35 °C. In this cross-section 
temperature distribution, the different ΔTe of four thermoelectric slices are averaged, 
and the average value of the single-leg MCTEM is about 11 °C. As Figure 2(a) shows, 
the heat flux is also flowing along the z-axis, so the Te-c and Te-h for each thermoelectric 
slice are also changed along this axis. The average ΔTe for these four thermoelectric 
slices in the xy cross-section of any height (z-axis) are almost the same, around 11 °C. 
Therefore, in this single-leg MCTEM, the average ΔTe at the thermoelectric materials is 
about 11 °C under ΔT = 35 °C. This situation is largely different when compared to the 
single-leg TTEM considering ΔTe close to 35 °C, as shown in Figure S2(a). The 
parallel connection of heat is the main reason for the relatively lower ΔTe of single-leg 
MCTEM. In addition, the average Te-h and Te-c for all thermoelectric slices under 
different ΔT are shown in Figure 2(c). The Te-c increases from 28 
oC to 35 oC, while Te-h 
increases from 31 oC to 46 oC when the ΔT changes from 10 oC to 35 oC. In other 
words, the ΔTe for the single-leg MCTEM increases from 3 
oC to 11 oC as ΔT changes. 
As a consequence of the parallel heat transfer produced in a single-leg MCTEM, a 
relatively lower ΔTe is obtained. The lower ΔTe is beneficial for contact design, as it 
avoids the internal thermal expansion and improves the module reliability. 
Figure 3(a) shows the electric potential distribution of the n-type single-leg 
MCTEM in an open circuit at ΔT = 35 °C. The electric potential is almost unchanged 
along the y- and z-axis, and only alternately fluctuates in high or low potential along the 
x-axis. Figure 3(b) presents the electric potential distribution at xy cross-section when 
the lz is 2.8 mm. As it was previously described, the cold-side external electrode is 
connected to the ground, and the hot-side external electrode is set to the terminal. Then, 
the cold-side and hot-side inner electrodes are almost at zero potential and highest 
potential, respectively. In this case, the electric potential on a thermoelectric slice is 
increased from the cold-side inner electrode to the hot-side inner electrode as shown in 
Figure 3(b). For the single-leg MCTEM, the electric potential alternately changes along 
the x direction, strongly depending on the temperature distribution shown in Figure 
2(b) due to the Seebeck effect. This behavior of electric potential distribution indicates 
that these thermoelectric slices are electrically connected in parallel. This parallel 
connection is largely different to the series connection of single-leg TTEM shown in 
Figure S2(b). Because of this parallel connection, the electric potential of the single-leg 
MCTEM is equivalent to that generated from a thermoelectric slice. From the Formula 
(3), it can be deduced that large temperature differences will lead to high electric 
potential differences. As it has been already mentioned, the average ΔTe on a 
thermoelectric slice is smaller, as presented in Figure 2(b), than the obtained in 
classical single-leg module. Consequently, the electric potential difference of the single-
leg MCTEM is smaller than the determined in a single-leg TTEM (Figure S2(b)). From 
the above temperature and potential distributions of the single-leg MCTEM, the parallel 
heat transfer and electrical parallel connection are achieved, at the same time, in a 
single-leg module, which will beneficial for greatly increasing module performances. 
Figure 4(a) shows the V of the n-type single-leg MCTEM as a function of I under 
different ΔT. The V linearly decreases as the I increases at a fixed ΔT. This I-V linear 
relationship remains when ΔT is changed. Thus, the Ohm`s law is accomplished at any 
ΔT, verifying the correctness of the simulation. Additionally, it is found that the slopes 
of all I-V curves are almost same, indicating that the Rin of the single-leg MCTEM is not 
significantly changed at different ΔT. Figure 4(b) displays P dependence on I. P is 
improved when ΔT is increased, in the whole current ranges. At any fixed ΔT, it is easy 
to find that P firstly increases to reach a maximum, and then decreases with increasing 
I. At ΔT = 35 °C, the Pmax of 5.8 mW can be obtained for the single-leg MCTEM.  
The Rin, V, I and Pmax for the n-type single-leg MCTEM at different ΔT are shown in 
Figure 5. Moreover, the performance of single-leg TTEM is also presented in the figure 
for comparison purposes. It is important to recall that both legs have the same volume 
(2.5×2×5.6 mm3), as previously described in Figure 1. Figure 5(a) depicts the variation 
of Rin as a function of ΔT. The Rin of the single-leg MCTEM has not been significantly 
modified with the increase of ΔT. The Rin values are ranging between 0.26 mΩ and 0.27 
mΩ at the different studied ΔT. On the other hand, the values of single-leg TTEM 
increase from 8.5 mΩ to 9 mΩ when the ΔT is raised from 10 °C to 35 °C. Thus, it can 
be clearly seen that this single-leg MCTEM can get a lower Rin, being only about 3% of 
that obtained in single-leg TTEM. This effect is mainly attributed to the electrical 
parallel connection of this new design. Due to the inverse relationship between Rin and 
P, as described in Section 2.2, the lower Rin of the single-leg MCTEM will significantly 
push to get an excellent performance 19, 20. Figure 5(b) describes the V dependence on 
ΔT. The V of both modules linearly enhances with increasing ΔT. However, the V of the 
single-leg MCTEM shows lower values when compared to the single-leg TTEM. The V 
values of the single-leg MCTEM are 0.35 mV and 1.25 mV at ΔT of 10 oC and 35 oC, 
respectively. This relatively low V is attributed to the low ΔTe, as it was shown in 
Figure 2(c). In Figure 5(c), it is noted that the I of the single-leg MCTEM is much 
higher than that of single-leg TTEM. The value of I is enhanced from 1.36 A to 4.64 A 
with the increasing of ΔT which mainly resulted from the smaller Rin of the MCTEM. 
The obtained larger I in the new designed module will meet the requirements of high 
current needed for some electrical equipment. Based on the above results, the Pmax has 
been calculated and shown in Figure 5(d). The Pmax of the single-leg MCTEM is 
significantly increased from 0.5 mW to 5.8 mW with enlarging ΔT. At any ΔT, the 
values of Pmax for the single-leg MCTEM are higher when compared to the single-leg 
TTEM, especially at larger temperature differences. The Pmax of the single-leg MCTEM 
is 4.8 times larger than that determined in single-leg TTEM at ΔT = 35 °C. Thus, this 
new designed single-leg MCTEM shows lower inner resistance, leading to larger 
electric current and higher output power. 
3.2 Effect of slices number on module performance 
The slice number is a key influence factor for the performance of single-leg 
MCTEM. There is an optimal slice number for P, calculated through the formula V2/Rin, 
to reach the optimum value, because Rin and V for the single-leg MCTEM with electric 
parallel connection will decrease with increasing slice number 17, 21. Thus, the Nn of this 
n-type single-leg MCTEM has been optimized in this section. The Nn is set from 2 to 8 
in this simulation and, consequently, the corresponding dimensions of one 
thermoelectric slice changes from 1.1×2×5 mm3 to 0.25×2×5 mm3. Figure 6(a) shows 
the temperature distributions at the xz-plane depending on the Nn for the leftmost 
thermoelectric slice (1st thermoelectric slice in Figure 2) when ΔT is 35 °C. In the 
figure, it can be clearly seen that the high-temperature area (red area) and low-
temperature area (blue area) are decreased when increasing Nn. As a consequence, the 
middle-temperature area is increased, leading to smaller ΔTe. In order to quantify the 
ΔTe, the Te-h and Te-c for the 1st thermoelectric slice, numerical data are presented in 
Figure 6(b). The Te-h decreases from 48.3 °C to 44.4 °C and the Te-c raises from 33.4 °C 
to 39.5 °C when the Nn increases from 2 to 8. The average ΔTe is the difference between 
Te-h and Te-c. In this case, it can be found the average ΔTe drops from 14.9 °C to 4.9 °C 
as Nn increases.  
The Rin, V, I and Pmax values of the n-type single-leg MCTEM, as a function of Nn, 
are depicted in Figure 7. In Figure 7(a), Rin is reduced with a non-linear tendency at 
any ΔT, with the increase of Nn,, and this trend is more obvious at relatively low ΔT. 
This behavior is mainly due to the inverse relationship between Rin for the single-leg 
MCTEM with electrical parallel connection, and Nn, as calculated in Formula (4). As it 
can be observed in Figure 6 (b), ΔTe is reduced with increasing Nn. Thus, V is also 
reduced with the increase of Nn due to the Seebeck effect (Figure 7(b)). Moreover, V is 
decreased from 1.9 mV to 0.6 mV when Nn is increased. Through the V is decreased, the 
I is still non-linearly increased when increasing Nn due to the sharply decrease of Rin, as 
presented in Figure 7(c). At ΔT = 35 °C, I raises from 3 A to 6.2 A with increased Nn. 
Finally, the reduced V and increased I with increasing Nn, leads to the highest Pmax at Nn 
of 3 at any ΔT, as shown in Figure 7(d). When the ΔT is 35 oC, the Pmax of single-leg 
MCTEM with Nn = 3 can reach 6 mW, which is 3.4% higher than that of the single-leg 
MCTEM with Nn=4.  
On the basis of the above designed n-type single-leg MCTEM, the performance and 
optimization of slice number (Np) for p-type Bi0.5Sb1.5Te3 single-leg MCTEM have also 
been investigated using the same simulation process. The simulated results are 
presented in Figure S3. The general tendencies of Rin, V, I and Pmax are also similar to 
that discussed for the n-type single-leg MCTEM. This is due to the similar rules for the 
thermoelectric properties of n-type Bi2Te2.79Se0.21 and p-type Bi0.5Sb1.5Te3, as shown in 
Figure S1. After the optimization of thermoelectric slices, the optimized Pmax of 6.5 
mW has been obtained at ΔT = 35 °C when the Np is 3. Consequently, the optimized Nn 
and Np are same, which is due to the similar temperature distributions and material 
properties for n- and p-type single-leg MCTEM. In other words, these two single-leg 
MCTEMs have well matched and can be applied together in a large thermoelectric 
power generation system. 
3.3 The performance of π-type MCTEM 
As mentioned above, the single-leg MCTEM produces smaller Rin, larger I and 
higher P when compared to the single-leg TTEM. However, the V of single-leg 
MCTEM is relatively low, which may not meet the voltage requirements of some 
equipment, and also limits further improvement of P. The π-type structure as a most-
used series connection method of n- and p-type thermoelectric legs can be an adequate 
route to improve the V efficiently 22. Moreover, the n- and p-type single-leg MCTEMs 
described above are well matched due to their similar materials properties and the same 
optimal number of thermoelectric slices. Therefore, the π-type MCTEM, combining π-
type connection type, together with the new designed single-leg MCTEM has been 
constructed and tested here to enhance the V to further improve the P. Figure 8 displays 
the schematics of the π-type MCTEM and π-type TTEM. For the π-type MCTEM, the 
above optimized n-type Bi2Te2.79Se0.21 single-leg MCTEM and p-type Bi0.5Sb1.5Te3 
single-leg MCTEM have been used as legs of π-type MCTEM with Nn=Np=3. For the 
π-type TTEM, the n-type Bi2Te2.79Se0.21 and p-type Bi0.5Sb1.5Te3 thermoelectric 
materials have been used as legs of module. The π-type MCTEM and TTEM have the 
same legs sizes of 2.5×2×5 mm3. 
Figure 9(a) shows the temperature distribution of π-type MCTEM under the open-
circuit condition when ΔT is 35 °C. The temperature distribution of π-type MCTEM is 
the same obtained in single-leg MCTEM, as shown in Figure 2. Moreover, the 
temperature distribution at xz cross-section under ΔT = 35 °C is presented in Figure 9 
(b). It can be clearly seen that the heat transport for π-type MCTEM is in parallel, in 
both n- or p-type single-leg MCTEM. The parallel connection of more thermoelectric 
slices will lead to a lower thermal resistance for this π-type MCTEM. So the ΔTe for n- 
and p-type thermoelectric slices is, respectively, about 13.4 oC and 13.6 oC at ΔT = 35 
°C, which is slightly higher than that determined in single-leg MCTEM, as previously 
described in Figure 2(c) and 6(b). This fact is in agreement to the Fourier's law of heat 
conduction, where the temperature difference is inversely proportional to the thermal 
resistance . Figure 9(c) depicts the electric potential field under ΔT = 35 °C. The 
bottom of p-type single-leg MCTEM is earthed in here. The electric potential decreases 
from n-type single-leg MCTEM to p-type one, because they are electrically connected 
in series. In each single-leg MCTEM, the electric potential is almost kept constant along 
y- and z-axis, and varies along x-axis. The electric potential distribution at xz cross-
section is shown in Figure 9(d). The maximum electric potential of 6.41 mV is 
obtained at the bottom of n-type single-leg MCTEM when ΔT is 35 °C. This value is the 
sum of electric potential values generated by n- and p-type single-leg MCTEMs in this 
π-type module. In conclusion, the n- and p-type single-leg modules in π-type MCTEM 
are thermally connected in parallel and electrically in series, while the thermoelectric 
slices in each single-leg MCTEM are electrically and thermally connected in parallel.  
The Rin, V, I and Pmax of the π-type MCTEM at different ΔT are shown in Figure 
10. Moreover, the performance of n- and p-type single-leg MCTEMs with Nn=Np=3 has 
also been plotted here for comparison. The changing trends of Rin, V, I and Pmax with ΔT 
are the same observed in single-leg MCTEM, as presented in Figure 5. As it can be 
observed in these graphs, all parameters are increased with increasing ΔT. In Figure 
10(a), the Rin of π-type MCTEM is ranging between 0.91 and 0.94 mΩ in the whole ΔT 
range, which is much higher than that determined in n- or p-type single-leg MCTEM. In 
addition, it has been also found that this value is about 20% higher than the sum of Rin 
of n- and p-type single-leg MCTEMs. As it was previously mentioned, ΔTe is only 
slightly different for π-type and single-leg MCTEMs. The higher ΔTe of π-type 
MCTEM leads to a relatively larger average electrical resistivity of thermoelectric 
materials, whose changing trend with temperature is shown in Figure S1. So, the Rin 
shows the behavior mentioned above. Figure 10(b) shows the V of π-type MCTEM, it 
changes from 0.9 mV to 3.1 mV when the ΔT varies from 10 to 35 oC, which is slightly 
higher than the electric potential sum of n- and p-type single-leg MCTEMs. The 
increased V is due to the electrical series connection of n- and p-type single-leg 
MCTEMs, and the little higher ΔTe of π-type MCTEM. Thus, the V of π-type MCTEM 
is much higher than the observed in single-leg MCTEM at the same ΔT. In other words, 
this series connection method of π-type structure can efficiently enhance V. Due to the 
significantly increased Rin and slightly increased V, the I of π-type MCTEM is slightly 
lower than the obtained for single-leg MCTEM, which is about 85.2 % or 77% of that 
of n- or p-type single-leg MCTEM at ΔT = 35 °C, respectively, as shown in Figure 
10(c). Based on the above parameters, Pmax has been calculated and displayed in Figure 
10(d). The Pmax of π-type MCTEM is obviously larger than the single-leg MCTEMs at 
different ΔT, especially at larger ΔT. The Pmax of π-type MCTEM is 10.5 mW, which is 
75% and 61.5% larger than the observed in n- and p-type single-leg MCTEMs, 
respectively, at ΔT of 35 °C. So, the designed π-type MCTEM can effectively enhance 
the output voltage and also keep a large current and relatively low inner resistance, 
resulting in a higher output power. 
Figure 11 plots the comparison between the performance of both π-type MCTEM 
and TTEM. It should be recalled that, these two modules have the same size of 
5.5×2×5.6 mm3 whose schematics are shown in Figure 8. It is clearly noted that the π-
type MCTEM has extremely lower Rin and higher I, when compared to the TTEM one. 
Although the V has been significantly enhanced by the design of π-type MCTEM, 
compared to single-leg MCTEM, as shown in Figure 10, it is still lower than the 
TTEM. The coordinated variation of Rin, V and I, the Pmax of π-type MCTEM is 
improved when compared with the values in the TTEM. The highest Pmax value can 
reach 10.5 mW, which is about 4.2 times larger than that of TTEM at ΔT = 35 °C. For 
comparison purposes, the maximum output power density (Pmax) of the π-type MCTEM 
obtained in this work is presented in Figure S4, together with the reported in the 
literature for thermoelectric modules with random materials and different sizes. The 
Pmax of the π-type MCTEM enhances from 7.7 mW/cm
2 to 95.6 mW/cm2 when the ΔT 
increases from 10 °C to 35 °C. Compared with the experimental 23-26 and theoretical 
data 27, 28, the π-type MCTEM has shown much higher Pmax. Thus, it is proved that the 
π-type MCTEM has much larger power output. 
Based on its high power output, the electric power generated by the π-type MCTEM, in 
some applications where large amounts of waste heat are available, can be estimated. 
Taking into account the spent fuel pool for Daya Bay nuclear power plant with an area 
of 12.2 × 9.9 m2, as an example 29, the designed π-type MCTEMs can provide a Pmax of 
about 115 kW at ΔT of 35 °C. This achieved electrical energy from the cooling water 
may support the cooling system to ensure the safe temperature of spent fuel. Thus, 
although this work is only a theoretical investigation, the novel high-power multilayer 




A novel (Bi,Sb)2Te3-based MCTEM with high output power is proposed for the first 
time, in the best of our knowledge, in this paper. For a single-leg MCTEM, a number of 
individual thermoelectric slices stacked together in parallel and contacted using inner 
and external electrodes. Based on the special structure, either the parallel connection of 
heat or electricity, are achieved, at same time, in this single-leg module. This new 
designed single-leg MCTEM shows an extremely low Rin and relatively low V, leading 
to large I and very high Pmax, when compared to single-leg TTEM. For further 
improving module performance, the effect of the number of thermoelectric slices has 
been studied. It has been found that the optimal Pmax of 6 mW and 6.5 mW for n- and p-
type single-leg MCTEMs, respectively, are all obtained with 3 slices under different ΔT. 
Using the optimized single-leg MCTEMs with Nn=Np=3, a π-type MCTEM has been 
constructed to enhance V and further improve Pmax. At ΔT = 35 °C, the designed π-type 
MCTEM obtains a very large V of 3.1 mV, I of 3.3 A, and relatively low Rin of 0.94 
mΩ, resulting in a high Pmax of 10.5 mW. The obtained Pmax is 4.2 times larger than that 
of π-type TTEM. To summarize, the novel (Bi,Sb)2Te3-based MCTEM is a promising 
configuration for obtaining very high output power, which would be highly beneficial 
for commercializing high-power thermoelectric devices. 
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Figure 1. Schematics of the n-type (a) single-leg multilayer composite thermoelectric 
module (single-leg MCTEM) and (b) traditional single-leg thermoelectric module 
(single-leg TTEM). The cold-side temperature is fixed at 25 °C and the hot-side 





Figure 2. The (a) temperature distribution for the n-type single-leg MCTEM at ΔT = 35 
°C under open-circuit condition. (b) The temperature distribution at xy cross-section 
under open-circuit condition when the height (lz) is 2.8 mm and ΔT is 35 °C. (c) The 







Figure 3. The (a) electric potential distribution for the n-type single-leg MCTEM at ΔT 
= 35 °C. (b) The electric potential distribution at xy cross-section when the lz is 2.8 mm 





Figure 4. (a) The output voltage, (b) output power of the n-type single-leg MCTEM as 
a function of working current under different ΔT. 
 
  
Figure 5. (a) The inner resistance, (b) output voltage, (c) working current and (d) 
maximum output power for the n-type single-leg MCTEM and single-leg TTEM as a 
function of ΔT at matched load condition. 
 
  
Figure 6. (a) The temperature distribution of the 1st thermoelectric slice for n-type 
single-leg MCTEM at the xz cross-section when the number of thermoelectric material 
slices (Nn) are 2, 4, 6 and 8. (b) The effective hot- and cold-side temperatures of the 1st 
thermoelectric slice for n-type single-leg MCTEM as a function of Nn when ΔT is 35 °C. 
 
  
Figure 7. (a) The inner resistance, (b) output voltage, (c) working current and (d) 




Figure 8. Schematics of the (a) π-type multilayer composite thermoelectric module (π-
type MCTEM) and (b) π-type traditional thermoelectric module (π-type TTEM). 
 
  
Figure 9. The (a) temperature and (c) electric potential distribution in π-type MCTEM 
under open-circuit condition when ΔT is 35 °C. The (b) temperature and (d) electric 
potential distribution in π-type MCTEM at the xz cross-section under open-circuit 
condition when ΔT is 35 °C. 
 
  
Figure 10. (a) The inner resistance, (b) output voltage, (c) working current (d) 
maximum output power of the π-type MCTEM, n-type single-leg MCTEM and p-type 
single-leg MCTEM as a function of ΔT. 
 
  
Figure 11. (a) The inner resistance, (b) output voltage, (c) working current and (d) 
maximum output power of the π-type MCTEM and π-type TTEM as a function of ΔT. 
 
  
Figure S1. The temperature dependence of (a) electrical conductivity, (b) Seebeck 




Figure S2. The (a) temperature and (b) electric potential distributions for the n-type 
traditional single-leg thermoelectric module at ΔT = 35 °C. 
 
  
Figure S3. (a) The inner resistance, (b) output voltage, (c) working current and (d) 
maximum output power of the p-type single-leg multilayer composite thermoelectric 
module (MCTEM) as a function of the Np under different ΔTs. 
 
  
Figure S4. Maximum output power density as a function of ΔT for the π-type MCTEM 
and previously reported modules. The data marked by solid and open symbols are 
obtained from experimental and theoretical articles, respectively. 
 
  
Table S1. Physical properties of Cu and Al2O3 
 
